X-ray diffraction experiment has been conducted to study the microscopic-scale structures for 0.72PMN-0.28PT relaxor ferroelectrics in a high external dc field during phase transition. Clear quasiperiodic structures were observed along ͗111͘ and ͗1-11͘ directions near T C . These structures are interpreted as originating from strong Coulomb interactions among adjacent polar clusters. The projected cluster size ͑correlation length͒ was estimated to be 17 nm. It was also found that the dominating cluster's orientation and their interaction direction ͑periodic direction͒ were changeable among ͗111͘ and ͗1-11͘ as temperature changed.
I. INTRODUCTION
The typical relaxor ferroelectrics of perovskites leadbased oxides Pb͑Mg 1/3 Nb 2/3 ͒O 3 -PbTiO 3 ͑PMN-PT͒ and Pb͑Zn 1/3 Nb 2/3 ͒O 3 -PbTiO 3 ͑PZN-PT͒ exhibit ultrahigh piezoelectric, dielectric, and electromechanical responses. They have been commercialized and have many potential applications in medical imaging, telecommunication and ultrasonic devices, cybernetics, artificial intelligence, and neutral networks. 1 They are characterized by a broad maximum in the temperature dependence of dielectric permittivity and a strong frequency dependence max . They have some features analogous to magnetic spin glasses, where the Vogel-Fulcher equation is often used to describe the observed temperature dependence of the cluster dynamics, as reflected in the relaxation time. 2 Many researchers have studied the origination of the extremely high piezoelectricity ͑with d 33 over 1500 pC/ N͒ and the electromechanical coupling factor ͑with k 33 over 90%͒ of relaxor ferroelectrics. 3, 4 The reorientation of polar domains and the polarization rotation by applied field are the most likely reason for giant piezoelectric response. 3 The observed properties of relaxor are strongly affected by the reorientation of polar clusters. Clusters exist even above T C temperature, and the reorientation under applied electric field induces strong polar-strain coupling which makes relaxor ferroelectrics good candidate material for the next generation of ultrasonic transducers. 4 The origination of polar clusters in relaxor ferroelectrics is still not understood very clearly, though many models for polar clusters have been proposed. 4, 5 Vugmeister and Rabitz proposed that the observed properties are strongly affected by the reorientation of the clusters, and the atom displacea͒ Author to whom correspodnence should be addressed; electronic mail: tairenzhong@sinap.ac.cn ments would more probably take place if they associate with the collective motion of atoms within small clusters. 4 Pirc and Blinc proposed that the relaxor state is characterized by the presence of nanosized polar clusters of variable sizes, and the so-called spherical random-bond-random-field ͑SRBRF͒ model of relaxor ferroelectrics was constructed to describe the static behavior of relaxors. 5 Recently some experiments had been conducted to characterize these clusters. [6] [7] [8] Gehring et al. used the neutron inelastic scattering measurements to study the nanometer-sized polar regions, which was speculated to be 3.1 nm. 6 Jang and Kim studied the same question using the Raman scattering measurement, and the size of the polar clusters of PbTiO 3 -based relaxor ferroelectrics in tetragonal symmetry was estimated to be 1.2 nm. 7 Another similar experiment was also conducted with Raman scattering method, where the size of the polar region was estimated to be 1.6-2.0 nm, and the size was independent of temperature. 8 However, there is no direct observation reported on the behavior of polarization clusters in relaxors to date. In this paper, we attempted to observe the nanosized polarization clusters in relaxors by means of small-angle x-ray diffraction using a partially coherent x-ray beam. As a preliminary result, obvious quasiperiodic structures are found to exist near T C . These appearances of the structures accompanied by phase transition manifested a type of long-range correlation of polar clusters during phase transition. This experiment indicates a more straightforward way to study the polarization clusters within relaxors just as that performed on prototype ferroelectrics 9,10 using a completely coherent x-ray diffraction.
II. EXPERIMENTS AND RESULTS

A. Sample preparation
The 0.72Pb͑Mg 1/3 Nb 2/3 ͒O 3 -0.28PbTiO 3 ͑0.72PMN-0.28PT͒ single crystal was grown from their melt by using the Bridgman method. 11 Its Curie temperature T C is 401 K, the piezoelectric factor is 1200 pC/ N, and the electromechanical coupling factor is 76%. The sample was in ͑001͒ cuts, with the dimensions of 5 ϫ 5 ϫ 0.08 mm 3 . The surfaces of the specimen were polished to diminish the diffuse scattering of the surface. The atomic structure of PMN single crystal is shown in Fig. 1 12 PT content also has the function of inducing morphotropic phase boundary at lower symmetric phase below T C , this morphotropic phase boundary between rhombohedral phase and tetragonal phase is monoclinic phase. Maximum piezoelectric coefficient d 33 is observed both at rhombohedral-monoclinic and monoclinic-tetragonal phase boundaries.
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B. Experiments
Experiments were carried out at the Diffraction and Scattering Station at National Synchrotron Radiation Laboratory ͑NSRL͒, as shown in Fig. 2 . The light source is a superconducting wiggler. A photon energy of 9.6 keV ͑0.129 nm͒ was chosen by a double crystal monochromator. The maximum photon flux is about 1.3ϫ 10 9 photons/ s and the energy resolution is 5 ϫ 10 −4 . A 400 m ͑h͒ ϫ 100 m ͑v͒ slit was placed in front of the sample to improve the spatial coherence of the incoming beam. The photon flux incident on the sample was estimated to be 1 ϫ 10 5 photons/ s. The source-to-slit, slit-to-sample, and sample-to-detector distances are 16. 
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Guo et al. J. Appl. Phys. 101, 053505 ͑2007͒ ⌬q = 2.99ϫ 10 -3 nm −1 in the horizontal direction and ⌬q = 4.27ϫ 10 -3 nm −1 in the vertical direction. A lead beamstop was used to suppress the direct transmission beam ͑central peak͒ and to improve the signal to noise ratio.
14 Transmittance of this thin sample is about 0.4%. The exposing time was 5400 s. The partially coherent x-ray beam transmitted the sample in a normal way. Temperature of the sample could be controlled with a precision of ±1 K from room temperature ͑291 K͒ to 443 K. A high dc bias field ͑2.3 kV/ cm͒ was applied along ͗100͘, parallel to the x crystallographic axis. The induced polarization ͑P x ͒ was proportional to the dc bias field ͑E͒ according to P x = 0 15 where, 0 is the permittivity of vacuum and T 33 is the relative dielectric constant.
T 33 was measured to be 5885 and the P x was calculated to be 1.2ϫ 10 −4 C /m 2 .
C. Results Figure 3 shows the diffraction patterns at temperatures of 388, 405, 413, 423, and 443 K. Significant differences were observed near the central peak during phase transition on a heating process. As there was no clear temperature dependence of spots A and B ͑in the vertical direction͒, we hence considered that they are irrelevant to the inherent polar regions and their correlation during phase transition and are probably due to the other trivial structures or reasons. The joint line between C and D forms an angle of 45°from x crystallographic axis, which is ascribed to a structure along ͗111͘. As shown quantitatively in Fig. 5͑a͒ , the intensities of the symmetric spots C and D were relatively weak below T C ͑401 K͒, they reached their maxima respectively, at 413 and 405 K, then decreased gradually with the increasing of temperature, finally they vanished completely at 443 K. The pattern E along x crystallographic axis is diffuselike, implying another kind of structure along ͗100͘. The intensity of spot E was relatively weak below T C , then gradually strengthened and elongated during the heating, and reached a maximum at 423 K. At higher temperature, this spot became weaker, which has been clearly shown in Fig. 5͑a͒ . A high dc bias field ͑2.3 kV/ cm͒ was applied along ͗100͘ during experiment. Experiment also shows that after the removal of dc bias field, this symmetric patterns were gradually getting unclear, even though it could be observed within 2 -3 h, as shown in Figs. 4 and 5͑b͒ .
III. ANALYSIS
The scattering patterns along ͗100͘ and ͗111͘ as shown in Fig. 3 must correspond to some types of structures which appear accompanying the phase transition. Theoretically, the scattering vector q is defined as q = K f -K i , where K f and K i denote the diffraction vector, and the incident vector, respectively. The q can be obtained quantitatively as q = ͑4 / ͒sin͑ /2͒ if we know the scattering angle . In our experiment, the scattering angle is very small ͑less than 20 mrad͒, therefore as a good approximation, q can be described as q = ͑2 / ͒ / z e , where is the coordinate on CCD camera along ͗100͘ with a unit vector e , and z is the distance between the sample and CCD camera. The firstorder spots, that is, C and D, appeared at q = ±2 / d. From  Fig. 5͑a͒ , the period length is estimated to be about 36.1 nm along ͗111͘. The spots along ͗100͘ are analogous to a diffuse scattering, implying that there is no strict period distribution along ͗100͘ as that along ͗111͘. A strong fluctuation for this period exists along this direction. The maximum scattering It is well known that a large abundance of polarization clusters exist in relaxor ferroelectrics.
2,4,5 These clusters should exhibit property of clear temperature dependence, since they emerge from Burn temperature ͑much higher than T C ͒ and grow gradually into ferroelectric domain at T C .
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Therefore it is reasonable to think that the diffraction patterns observed in our experiment arise from those polarization clusters.
A simple and reasonable model to interpret the experiment is to describe structure of clusters as a phase grating, which has been justified on prototype ferroelelctrics BaTiO 3 by a speckle experiment. In this model, phase difference comes from the birefringence of polar and nonpolar regions. Therefore, the diffraction patterns reflect the statistic spatial structure of clusters. The cluster as a whole disturbs the incoming x-ray beam. As an external dc bias field is applied along ͗100͘, the cross section of the cluster increases due to elongation or deflexion along this direction, therefore, a clear increase of the intensity along ͗100͘ was observed as shown in Fig. 4͑b͒ . This effect gets a little bit weaker for the diffraction along ͗111͘ since the cross section decreases on a cosine relationship.
The clusters exhibit a quasiperiodic distribution particularly along ͗111͘ near T C . Conventional Bragg analysis can be readily utilized to calculate the length of the period as that estimated on the above discussion. Furthermore, the real size of the cluster can also be estimated from the intensity distribution. Supposing that the period number along ͗100͘ is N, the length of each period is d, and the scattering size is a, the intensity of scattering pattern can be described according to the Fraunhofer diffraction theory, 17 I͑q͒ ϰ ͓a 2 sinc 2 ͑aq/2͔͒ sin 2 ͑Nqd/2͒
where sin 2 ͑aq /2͒ is the diffraction of a single scattering element, while sin 2 ͑Nqd /2͒ / sin 2 ͑qd /2͒ denotes the interference of x rays diffracted by the multielements. The intensity of the zero-order diffraction ͑beamstop-cut part͒ was measured to be 317 counts/ s, and about 317ϫ 5400= 1.7ϫ 10 6 counts within the exposing time, 5400 s. The intensity of spot C was 330 counts at 413 K. The size of a single scattering element could be deduced from the relationship of I͑dz ,0͒ / I͑0,0͒ = sinc 2 ͑±a / d͒. By substituting the intensity ratio ͑1.9ϫ 10 −4 ͒ and the length ͑36.1 nm͒ of adjacent scattering elements, the approximate size a of a single scattering element ͑cluster͒ is estimated to be 17 nm along ͗111͘.
Fourier transform of the diffraction patterns at 405 K is shown in Fig. 6͑a͒ , which could be regarded approximately as the matter correlation function as defined in a previous paper. 10 The matter correlation function contains the statistic information of the scattering units: the two peaks' distance along a certain direction corresponds to the average distance between two adjacent scattering units, and the full width at half maximum for a single peak corresponds to the average size of the scattering units along this direction. The cross sectional profiles along ͗111͘ and ͗100͘ are shown, respectively, in Figs. 6͑b͒ and 6͑c͒ , from which the mean correlation length is easily estimated to be 17 nm along ͗111͘ and 18 nm along ͗100͘. This result is consistent with the analysis based on the Fraunhofer diffraction theory as described previously.
IV. DISCUSSION
As a theoretical prediction, 18, 19 the first nucleation of polar clusters occurs hundreds of degrees above T C . In the paraelectric phase, the clusters fluctuate and interact with 
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Guo et al. J. Appl. Phys. 101, 053505 ͑2007͒ each other. Above a critical threshold temperature T d , the clusters become isolated and independent and behave as an ideal superparaelectric state. With the decrease of temperature, the clusters' density increases due to the increasing of the number of polar regions or the increasing of the average size of clusters, resulting in stronger interactions among them and hence more paraelectric clusters would transform into ferroelectric microdomains. In our experiment, the reverse process ͑heating process͒ was studied, and the results show that this strong interaction among clusters near T C do exist and exhibit strong long-range correlation particularly along ͗111͘ as an external dc bias field was used. Eric Cross 20 discussed the behavior of relaxors and proposed that fluctuation in the concentration of BЈ 1−x BЉ x cations on the B site of suitable Pb͑BЈ 1−x BЉ x ͒O 3 perovskites are responsible for the relaxor behavior. Aisupov 21 22 He pointed out that in A͑BЈ 1−x BЉ x ͒O 3 ferroelectric relaxors the chemical disorder on the BЈ site fluctuation and the associated random field play an important role in the formation of long-range ferroelectric couplings. For the PMN family, the ferroelectric interactions should involve ͗111͘ displacement and coupling of the Pb, O, and ferroelectrically active Nb, when the BЈ site is occupied by a larger ferroelectrically "inactive" cation ͑Mg͒ and the BЉ position by a smaller ferroelectrically "active" cation ͑Nb͒, the intermediate oxygen anions would be displaced toward the BЉ. This anion displacement induces movement of the Pb 2+ cation along ͗111͘ toward the BЈ position to form three short Pb-O-BЈ bonds and three longer Pb-O-BЉ bonds and accommodate the long pair of electrons. This cooperative displacement mechanism can provide for extended ferroelectric coupling. It was estimated that the correlation length for cooperative ferroelectric BЉ -Pb-BЈ -Pb-BЉ interactions is 3 nm. Experiment has shown that the polar axis along ͗111͘ could favor extraordinarily high levels of electromechanical coupling and strain along this direction. 23 PMN exhibits relaxor behavior, and induced PT content favors the phase transition from relaxors to ferroelectric phase and induces the morphotropic phase boundary that separates the rhombohedral and tetragonal phases at room temperature. Preparation and characterization of PMNT single crystal with large size and high quality was reported. 24 The correlation length along ͗111͘ is estimated to be about 17 nm based upon the above analysis, which is about six times larger than the cluster size estimated from theory or experiment as in Refs. 6 and 7, and somewhat similar to the size of polar clusters ͑about 10 nm͒ as proposed in Ref. 25 . This correlation length corresponds to the average size of the polar clusters, around which some smaller or larger ones might exist.
Park and Shrout 23 and Yin and Cao 26 showed that a ͗001͘ external-field-poled relaxor had four possible degenerated polar directions: ͗111͘, ͗−111͘, ͗1-11͘ and ͗−1-11͘, which has been schematically shown in Fig. 7͑a͒ . Emergence of the diffraction patterns ͑C and D͒ was most probably due to the applied external dc bias field along ͗100͘, where the strong correlation among degenerated clusters manifested a kind of long-range periodic structure distribution along ͗111͘ or ͗1-11͘ as shown in Fig. 7͑b͒ . Moreover, the dissymmetry of intensity for spots C and D could indicate which direction dominates at a certain temperature, since the angle formed by the incident x-ray beam and the polar axis of each cluster is completely different ͑ complementary͒. As shown in Fig.  7͑b͒ , both structures along ͗111͘ and ͗1-11͘ would contribute to the diffraction patterns according to the experimental setup. If we consider that the periodic structure along ͗1-11͘ dominate, then the intensity of the spot C is weaker than that of spot D because this angle disfavors photon scattering to C, which is the case of the diffraction pattern observed at 405 K. On the contrary, a periodic structure along ͗111͘ would result in a strong intensity for C, which is the case observed at 413 K. If these periodic structures were distributed along either ͗111͘ or ͗1-11͘ with equal possibility, then no significant intensity difference would be observed for spots C and D, as the pattern observed at 423 K. As a summary, when a dc bias field is applied along ͗100͘ near T C , the cluster's orientation and their interaction direction that dominate at a certain temperature are changeable on a heating process. This feature could contribute in some way to the ultrahigh electromechanical coupling and strain under dc bias field. As reported, external electric field favors the ordering of static random field caused by charged composition fluctuation field, which is considered as the origin of relaxor behavior. 4 In our experiment, the diffraction along ͗111͘ arose from the inducing effect by this external dc field. The strengthening of the diffraction profiles as shown in Fig. 5͑b͒ just came from the change of the projected cluster size, FIG. 7 . 111͘ Polar clusters' distribution. ͑a͒ Eight possible polar axes in a cubic unit and degenerated to four polar axes with an electric field applied. ͑b͒ Cluster's interaction results to periodic structures along ͗111͘ and ͗1-1͘.
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V. CONCLUSION
X-ray diffractions have been conducted to study the microscopic-scale structure of 0.72PMN-0.28PT relaxor during phase transition. It is first observed that some quasiperiodic structures exist near T C under a strong external dc bias field. These periodic structures are interpreted as a result of strong Coulomb coupling among adjacent clusters near T C .
The correlation length of clusters estimated from the experiment is about 17-18 nm along ͗111͘ and ͗100͘, six times larger than the cluster size obtained either from theory or from experiment. The induced correlation lengths along ͗111͘ and ͗100͘ are found to be almost the same. It was also found that the cluster's orientation and their interaction direction ͑correlation direction͒ at a certain temperature are changeable among ͗111͘ and ͗1-11͘ in a heating process.
Interaction among clusters along ͗111͘ vanishes at 443 K, and still exists along ͗100͘. The characteristics of correlation length of clusters at high temperature are still worth observing.
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